Changes in information processing speed constitute the most important cognitive deficit in MS. However, given the clinical and topographical variability of the disease, cognitive impairment may vary greatly and appear in other forms in addition to slower information processing speed. Our aim was to determine the frequency of cognitive impairment, the principal cognitive domains, and components involved in MS and to identify factors associated with presence of cognitive impairment in these patients in a large series of patients.
inTrODUcTiOn Multiple sclerosis (MS) is an autoimmune inflammatory disease of the central nervous system that causes inflammatory lesions in the brain and spinal cord, leading to blood-brain barrier disruption, demyelination, and axonal damage. The frequency of cognitive deficits in MS varies among studies due to differences in diagnostic criteria, the characteristics of the control group, and the tests used for neuropsychological assessment (1) . In any case, cognitive deficits are frequent in some of these patients (40-70%), and they have a major impact on MS: cognitive impairment has been correlated with performance of daily living activities, maintaining employment, quality of life, white matter lesion load, and atrophy detected by MRI (2, 3) . Different studies postulate that the pattern of cognitive impairment in MS is characterized by reduced information processing speed and suggest that this is the most relevant cognitive deficit in MS (4, 5) . This has led researchers to measure cognitive impairment with tests assessing information processing speed, especially the Symbol Digit Modalities Test (SDMT) and the Paced Auditory Serial Addition Test (PASAT). These tests have been included in such test batteries as the Brief Repeatable Battery of Neuropsychological Tests (BRB-N), the Brief International Cognitive Assessment for Multiple Sclerosis (BICAMS), and the Minimal Assessment of Cognitive Function in MS (MACFIMS) (6-10). Rao's BRB-N was first validated with good psychometric and diagnostic properties, although it did not have any test of visuospatial and executive functions. Subsequently, MACFIMS was developed, including a more comprehensive assessment of cognitive functions. Because time of administration of MACFIMS is about 90-120 min, a shorter version named BICAMS was proposed (Table 1 summarizes test and cognitive domains evaluated with each of those batteries). However, although these test batteries are certainly useful in clinical practice (11) , assessing cognitive function cannot be based solely on the evaluation of a few cognitive domains or specific tasks. In this regard, impairment of other cognitive functions has been also emphasized. Cognitive domains displaying the most severe impairment in MS are information processing speed, attention-executive function, and memory (1, 12) . Furthermore, other factors such as depression, fatigue, and physical disability must be adequately controlled due to the potential influence in neuropsychological testing. On the other hand, the literature shows heterogeneous results for the frequency of cognitive impairment in relapsing-remitting (RRMS), secondary progressive (SPMS), and primary progressive MS (PPMS) (13) (14) (15) , and for the type of dysfunction associated with each clinical form.
In this regard, recently Planche et al. studied a group of 101 patients with MS classified into RRMS, SPMS, and PPMS. After controlling for several factors, SPMS were more impaired than RRMS in information processing speed, executive functions, verbal fluency, verbal episodic memory, and visuospatial construction; PPMS were more frequently impaired in verbal fluency than RRMS; and visuospatial construction was more frequently impaired in SPMS than PPMS (13) . These findings raise the possibility of the existence of several cognitive profiles according to some clinical factors, such as the clinical form of MS.
Another interesting question is about the factors associated to cognitive impairment. Some studies have linked the duration of the illness, the degree of disability, or cognitive reserve, sometimes with heterogeneous results (16) (17) (18) . The knowledge of factors associated to cognitive impairment is relevant in order to disentail the pathophysiology of cognitive impairment in MS, as well as to detect some groups of patients in which cognitive impairment should be more specifically investigated.
The aims of the study were three. First, to determine the extent of cognitive impairment in MS. Second, to identify the principal cognitive domains and components involved in cognitive impairment in MS. To this end, we performed a principal component analysis in a large series of patients classified by clinical form of MS (RRMS, SPMS, and PPMS) and who underwent a thorough cognitive assessment. This type of analysis has been used in other neurodegenerative diseases to detect different cognitive patterns by identifying clusters of test items correlating highly to one another (19) , and in MS to assess the validity of MACFIMS (20, 21) . And third, we aimed to find factors associated with the presence of cognitive impairment in these patients.
MaTerials anD MeThODs study Design and Patient sample
We conducted a cross-sectional study including 357 patients between June 2015 and February 2017. The study was approved by the Research Ethics Committee at our hospital (Study code 15/514-E). Patients were recruited from a MS Section of a ter tiary hospital, which is a reference unit in the Region of Madrid, Spain. All participating patients agreed to participate in the study. We established the following inclusion criteria: (1) diagnosis of MS according to the revised McDonald criteria (22) and (2) ages between 18 and 80 years. Exclusion criteria were as follows: (1) patients who were deemed unable to undergo prolonged cognitive evaluation; (2) patients who . These tests were chosen because they examine the main cognitive domains (i.e., attention and executive functioning, memory, language, visuospatial function) and because solid normative data are available in our setting (23, 24) . Likewise, we evaluated fatigue and depression using the Fatigue Severity Scale (FSS) (25) and the Beck Depression Inventory (BDI) (26) . We analyzed the following variables: gender, laterality, years of formal schooling, age, disease progression time in years, clinical form of MS, and disability, as measured on the Expanded Disability Status Scale (EDSS) (27) . Patients also completed the 3-min version of the PASAT, but this test was not included in the assessment protocol given the lack of normative data in our setting.
Raw scores on each of the neuropsychological tests were converted to scaled scores (mean 10, SD 3) and adjusted by age, years of schooling, and gender using normative data from the NEURONORMA project. This is a normative study using cognitive tests conducted in Spain and including individuals between 18 and 90 years; it is similar in design to Mayo's Older American Normative Studies (23) , and featured detailed evaluations of 535 healthy subjects. The NEURONORMA project recruited individuals from different regions of Spain, set strict inclusion and exclusion criteria, and made use of a thorough protocol to ensure inclusion of cognitive healthy subjects in a representative sample. Following these authors' recommendations, a scaled score ≤5 (percentile ≤5) was considered impaired in our study (23) .
Definition of cognitive Domain and cognitive impairment
To define impairment in each cognitive domain, we used normative data and within-subject comparison of tests following the criteria listed in Table 2 (28, 29) .
Patients displaying deficits in two or more cognitive domains were considered to have cognitive impairment associated with MS (CI-MS) (30) . In contrast, patients with no impairment in any of the cognitive domains were regarded as cognitively healthy (CH-MS).
Description of the sample
Our study included 357 patients with a mean age of 47.35 ± 10.26 years; 245 participants (68.6%) were women. Par ticipants had a mean of 15.05 ± 3.69 years of schooling and their mean score on the EDSS was 3.25 ± 2.16 points. Regarding clinical forms, 251 patients (70.3%) had RRMS, 76 (21.3%) had SPMS, and 30 (8.4%) had PPMS. Only patients who completed the cognitive assessment were considered in our analysis; the rest were excluded. Reasons for not completing the assessment were as follows: fatigue, visual alterations, dysfunction of the dominant hand (tremor, motor impairment, sensory alterations, …); the patient's deciding to stop for no apparent reason; and not being a native Spanish speaker, which may have yielded poorer results on tests with a verbal component (Figure 1) . The final sample consisted of 311 patients, 213 of whom were women (68.5%), with a mean age of 46.39 ± 9.54 years. Table 3 shows the descriptive results of the initial and final samples. Differences in the EDSS scores for the initial and final samples were statistically significant (P = 0.043); there were no differences regarding age, gender, years of schooling, or clinical form of MS. MS, and years of schooling. Results were expressed as odds ratios with 95% confidence intervals (95% CI). Principal component analysis with oblimin rotation was used to identify patterns of clustering of cognitive tests; we extracted the components with an eigenvalue ≥1. We used scaled scores from the cognitive tests included in the study and raw scores from the scales for depression and fatigue. Tests with coefficients ≥0.3 were regarded as factors of each component. We subsequently calculated scores for each of the identified clusters using the Anderson-Rubin test and calculated correlations with progression time, adjusted for age and clinical form of MS. We also conducted an analysis of variance (ANOVA) and Tukey's post hoc test to assess differences between clinical forms with regard to the analyzed components. The Levene test was used to check for homogeneity of variances.
Statistical significance was set at P < 0.05. According to the logistic regression analysis, only EDSS scores and years of schooling were independent predictors of CI-MS ( Table 5 ). The correct classification rate for this model was 65.6%.
Principal component analysis
The Kaiser-Meyer-Olkin measure of sampling adequacy was 0.870. Results from the Bartlett test were significant (chi-square: 5838; P < 0.001). Rotation converged in 10 iterations. We obtained seven components, which explained 64.6% of the variance ( 
cognitive impairment by clinical Form of Ms and Disease Progression Time
Frequency of CI-MS varied among the clinical forms of MS: cognitive impairment was observed in 36% of the patients with RRMS, 57.7% of those with SPMS, and 60.9% of those with PPMS (P = 0.002). ANOVA found statistically significant differences in components 2 (higher-order executive functioning) (F = 4.301; P = 0.014) and 3 (verbal episodic memory and language) (F = 4.650; P = 0.010). The post hoc test revealed significant differences between RRMS and PPMS with regard to component 2 (P = 0.042) and between RRMS and SPMS with regard to component 3 (P = 0.008); mean of the components was higher for RRMS in both cases. We found no significant differences between clinical forms of MS in the rest of components (P > 0.05) (Table S2 in Supplementary Material). Likewise, we calculated partial correlations between the estimated components and disease progression time, adjusted for age, years of schooling, and clinical form, and observed a weak correlation between disease progression time and components 3 (r = -0.161, P = 0.005) and 6 (r = 0.132, P = 0.021). Correlations with the remaining components were not significant (P > 0.05).
DiscUssiOn
Our study showed a frequency of cognitive impairment of 41.5%, which is in line with frequencies reported by most studies (1) (2) (3) 31) . To minimize the risk of false positives, we used a strict definition of cognitive impairment: an age-, gender-, and education-adjusted scaled score ≤5 (equivalent to −1.67 SDs) in at least two cognitive domains. This criterion was also chosen to be consistent with recommended criteria for the normative data of the tests used in our study (23) and to avoid the possibility of false positives because the use of a large battery with multiple tests. If we had used a less strict criterion (for example, defining cognitive impairment as deficits in one cognitive domain only), 77.8% of the sample would have been classified as cognitively impaired. As demonstrated by Fisher et al. (31) , there is a large heterogeneity in the definition of cognitive impairment across different studies published in the literature. Our study is not performed using a population-based design, so frequency of cognitive impact should be interpreted in its context. However, our definition of a group of patients with cognitive impairment allow us to draw conclusions about cognitive domains most frequently impaired as well as potential associated factors. In this regard, according to our analysis, attention was the most frequently affected domain, whether alone or in combination with other impairments, especially those affecting memory and information processing speed. The two factors independently associated with cognitive impairment were higher EDSS scores and a lower educational level. Age and disease progression time, in contrast, showed no significant association with cognitive impairment in logistic regression models. This means that cognitive impairment may be partially explained by the degree of disability, but it is not associated with age or disease progression time. This finding suggests that there may be a subgroup of patients with greater clinical severity. Likewise, the protective effects of a higher educational level support the cognitive reserve hypothesis; accordingly, recent studies suggest that education is a protective factor against cognitive impairment (13, 32) .
One of the main findings from our study comprised the six cognitive clusters identified by the principal component analysis. The first component consists of tests assessing attention and basic executive function, more specifically divided attention, information processing speed, focused attention, vigilance, and visuospatial working memory. The second component includes the ToL test, which is linked to high-order planning and executive function. Component 3 is formed by verbal memory and language. However, taking into account the importance of verbal memory in MS and the influence of verbal memory in language tasks (verbal fluency, for instance), this component 3 may be probably more associated to verbal memory than language (33) . Component 4 includes tests evaluating time to complete executive and visuospatial tasks. Component 6 includes visuospatial function, and component 7 consists of tests of basic attention and verbal and visual working memory. Although the first cluster explains the greatest percentage of the variance, our results suggest that multiple components are present in addition to impairments in attention and information processing speed. In light of the above, information processing speed, understood as the speed at which a person can process information and evaluated based on the amount of time a person takes to complete a cognitive task, would only be contemplated by components 1 and 4. The SDMT, which some studies have found to be sensitive to impairments in information processing speed (34), may be useful for evaluating the first component (attention and basic executive function) but not as a measure of heterogeneity of cognitive profiles in MS given that information processing speed is barely correlated with the other components. Our results suggest that slow information processing speed is a relevant factor in some cognitive deficits associated with MS, although it does not appear to be the key element explaining the rest of the associated cognitive deficits.
To our knowledge, principal component analysis in cognitive assessment in MS has only been performed in two series of patients using MACFIMS battery, including SDMT, COWAT, PASAT, JLO, California Verbal Learning Test-II, DKFEFS-Sorting test and Description Score and Brief Visuospatial Memory Test (BVMT) (20, 21) . In the most recent work by Migliore et al., four components were found including visuospatial memory and processing speed (BVMT and SDMT), working memory and visuospatial function (PASAT and JLO), executive functioning (D-KEFS), and verbal memory (CVLT). Thus, we observed some more components, probably because our study included some more cognitive tests and functions, and a larger sample. Intriguingly, in our study SDMT did not form a cluster with visual memory, two dissociate components of attention/executive function were identified (planning in component 2 and attention, basic executive functioning and working memory in components 1 and 7), and visuospatial function constituted a separate component. Although our study found seven components, an important part of the variance was explained by components that are usually assesses in MS, which confirms the usefulness of current comprehensive scales such as MACFIMS and others for the cognitive evaluation in MS. However, future studies would be interesting to validate the protocol included in our study (mainly, tests provided by NEURONORMA battery) in comparison to current gold standard scales in MS.
Another interesting finding is the presence of a component limited to fatigue and depression. We decided to include fatigue and depression in the principal component analysis in order to exclude their potential influence in cognitive testing. The correlation observed between fatigue and depression has been previously shown and may be indicative of common pathophysiological mechanisms (35) . Importantly, neither depression nor fatigue had a significant impact on any of the remaining clusters. The association between fatigue and depression, on the one hand, and cognitive function, on the other, is controversial; some studies have found an association between fatigue and memory, information processing speed, working memory, language, and especially attention and vigilance (36, 37) . Our results show a potential, but weak correlation between scales assessing fatigue and depression and some cognitive tests; but fatigue and depression have no significant impact on any of the affected cognitive domains in MS. The existence of this cluster supports the hypothesis that fatigue and depression are associated: although the causes of MS-associated fatigue are not completely clear, there are several proposed mechanisms, including muscle problems, proinflammatory cytokine production, conduction disorders, focal lesions, and psychological factors associated with depression (38) . However, the association between fatigue and depression may in fact indicate inability by the scales used in this study to define and distinguish between these two entities. In this regard, the scale used in our study for depression might led to an overdiagnosis of depression, and other scales have also been suggested (39) . Further studies should be designed specifically to evaluate these aspects.
Regarding the comparison between clinical forms of MS, we found cognitive impairment to be more frequent in patients with progressive forms, both SPMS and PPMS; our results are in line with recent literature (13, 40, 41) . However, other studies found lower frequencies of cognitive impairment in patients with PPMS (14, 15) . Interestingly, comparisons between cognitive components show similar cognitive profiles for all three clinical forms of MS, although significant differences are also present. We observed more severe impairments in planning and complex executive function in PPMS than in RRMS, and more severe deficits in verbal memory and language in SPMS than in RRMS. Likewise, only two of the components (those related to memory, language, and visuospatial function) were correlated, weakly in both cases, with disease progression time. Differences between the RRMS and SPMS groups in the memory and language component, and the correlation between this component and progression time, may suggest that these functions, and not those associated with other cognitive domains, deteriorate the most throughout disease progression. However, longitudinal studies are necessary to confirm this hypothesis. Furthermore, neuroimaging studies correlating MRI findings with cognitive clusters found in our study would be of interest. In this regard, recent studies have associated cognitive impairment with cortical lesions using high field MRI (42) (43) (44) (45) . Interestingly, executive dysfunction has been associated with the presence of intracortical or subpial lesions and a diffuse degeneration from outer cortical lesions, while other cognitive functions to degeneration of deeper cortical layers. Because some differences in the pattern of degeneration of cortical layers have been observed between relapsing and progressive stages of the disease, these MRI findings could help to explain differences in cognitive patterns between MS forms (45) .
Our study has some limitations. The length of cognitive assessment may have resulted in a selection bias: some of the patients (those with higher EDSS scores) were not included in our analysis, and our study was not population based. The frequency of cognitive impairment in our sample may, therefore, be higher than observed. However, given the characteristics of our study, we decided to select only those patients whose cognitive assessment results were not affected by such other factors as motor disorders or coordination problems. Furthermore, given the cross-sectional design of our study, any results having to do with the potential progression of cognitive impairment should be interpreted with caution and reassessed in longitudinal studies.
In conclusion, the frequency of cognitive impairment in our sample was 41.5%. Although cognitive impairment was more frequent in patients with progressive forms of MS, the only factors independently associated with presence of cognitive impairment were the degree of disability and the educational level; no independent associations were found between cognitive impairment and age, progression time, or clinical form of MS. Our results suggest that cognitive performance in MS is described by multiple cognitive domains and profiles. A first component including attention and basic executive functioning entailed the greater percentage of variance (32%), and other components represented a 4-8% each one. These findings reflect a significant variability of cognitive deficits in MS, a pattern that is consistent with the heterogeneity of clinical manifestations of the disease.
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